Variability within the human immunodeficiency virus (HIV) genome begins with changes introduced by the highly error-prone HIV reverse transcriptase (26, 27) . Synthesis of the viral RNA may also be highly error prone, so that typically the viral particles that leave a cell are genetically different from the one(s) that infected the cell. Presumably, certain variants are then selected because they are more successful at escaping the immune response or at infecting new populations of cells. Interestingly, the viruses present late in infection when there is severe immunodeficiency tend to be more virulent to cells in culture than the viruses present before symptoms have developed (2, 8, 10, 30, 35) . The most extensive variation has been observed in the gene coding for the surface envelope glycoprotein, gpl20 (1, 15, 34, 36) , a protein that, because of its exposed location, is likely to be a key target for the immune system. This protein also determines the cell tropism of the virus (7, 18, 22, 37) , and it is an important determinant for cytopathicity of the virus in CD4-positive T lymphocytes (7, 11, 17, 33, 37) , suggesting that variation in the envelope gene (env) may affect pathogenicity.
Part of the difficulty in studying the effect of HIV variation on the progression of AIDS is that one is not certain of the sequence(s) of the infecting virus. Furthermore, lentivirus sequences typically are analyzed after virus has been propagated in cell culture, and it is not clear whether these cell culture-adapted viruses are representative of the viruses present in the host. A model system in which variation can be measured in vivo, starting from a molecularly defined virus stock, would eliminate some of the complexities presented in the analysis of HIV variation. Recent studies have presented analysis of variation in HIV type 2 (HIV-2) (12) and simian immunodeficiency virus (SIV) (6) sequences in macaques infected with cloned virus, but both of these studies focused only on analysis of viral genetic change in animals who were asymptomatic. To analyze virus variation as it relates to disease progression, we have used direct cloning and sequence analysis to study the development * Corresponding author. of changes in virus sequence in two macaques (Macaca nemestrina) which developed AIDS after inoculation with a molecular clone of SIV (SIV Mne CL8 [3] ). One of these animals (M87004) showed a marked drop in CD4+ lymphocytes 1 year after infection, but he is still alive, with a low level of CD4+ lymphocytes, 3 years after infection. The other animal (F87047) was euthanized 83 weeks postinfection (p.i.), just 2 months after her CD4+ lymphocytes level began to drop, because of bleeding due to severe thrombocytopenia (3) . Peripheral blood lymphocytes (PBLs) were obtained from M87004 at five time points, between 9 weeks and 121 weeks p.i., and from F87047 at 81 weeks p.i. To look directly for SIV variants in these 6 samples, without any of the selection that might be imposed by cell culture, SIV envelope sequences were amplified by polymerase chain reaction (PCR).
To minimize bias against variant genomes, primers for PCR were chosen that recognized conserved sequences in the SIV/HIV-2 envelope gene. (20) . The To see the general pattern of variation, we began by analyzing a late sample taken more than a year after M87004 started to show symptoms of clinical AIDS. The products from three independent PCR amplifications of genomic DNA, isolated from a PBL sample taken 121 weeks p.i., were cloned, and the complete nucleotide sequence of the SIV env product (1,140 nucleotides) was determined for 18 clones. Two regions of extensive variation, corresponding to previously defined hypervariable domains in HIV env were found (20) (Fig. 1) . The most dramatic variation was in variable region 1 (VI), where all 18 clones diverged significantly from the inoculated virus, SIV Mne CL8. Each clone had changed 7 to 12 of the 47 amino acids in the region of SIV that most closely corresponds to the Vi region of HIV. Almost half of the amino acids in the C-terminal portion of Vi had changed in some clones. In addition, several in-frame deletions and in-frame insertions (of 6, 9, 12, and 27 nucleotides), the majority of which resulted in insertion of additional serine and threonine residues, were detected in Vl. The sequences which create the insertions have about 70% homology with the adjacent sequences. The divergence occurs at nucleotides in the first or second position of the codon, leading to the unique amino acid sequences of the insert. In general, the base substitutions in Vl were biased heavily towards codons for serine and threonine; 60% of the changes observed in this region were to these two amino acids. One other, small region of variation was detected and corresponds to variable region 4 (V4) in HIV env. Each of 18 clones showed a change of three or four out of five amino acids within V4, with the change often substituting a charged amino acid and being likely either to create or to remove a potential site for N-linked glycosylation (NXT or NXS). V4 is adjacent to a region of SIV env that is homologous to one of the regions important for binding of HIV-1 to the CD4 receptor (9, 16, 23) , but that region itself, as well as the rest of the SIV env gene (including regions equivalent to HIV-1 V2, V3, and V5), showed very few changes. The number of frameshift mutations that occurred (three) is consistent with the number predicted for errors due to amplification with Taq polymerase, and these mutations were found in a subset of clones likely to have been generated from a single template. Thus, it is difficult to say which, if any, of the variants present in vivo actually encoded a frameshift mutation.
Having identified which regions were most variable late in the course of simian AIDS, we looked at earlier samples to determine whether there was a correlation between emergence of these variant genomes and the appearance of disease. Macaque M87004 developed clinical immunodeficiency about 55 weeks after infection (3), and we amplified sequences from PBLs taken at 9, 35, 78, and 81 weeks and determined the nucleotide sequences of three discrete regions of the genome, Vi, V3, and V4.
Variation in Vi was evident as early as 35 weeks postinoculation and steadily increased from then onward ( Fig. 2A) .
The functional significance of the Vi region of SIV and HIV has yet to be determined, but an epitope reactive to the serum of M87004 has been mapped to the SIV Vi region (5), so it is possible that changes in Vi allow the virus to escape the immune response. Indeed, one explanation for the selection of variants with added serine and threonine residues, which provide potential sites for 0-linked glycosylation, is that the addition of carbohydrates could serve to mask a nearby epitope.
Within V4, where a cluster of amino acid changes had been found at 121 weeks, similar changes could be detected at 78 and 81 weeks but not at 9 and 35 weeks ( Fig. 2A) . The predominance of variants with an altered potential N-linked glycosylation site near a receptor-binding domain late in infection suggests that these variants can rapidly replicate, perhaps because of enhanced affinity for the CD4 receptor, in the absence of an active immune system. Similar variability in the N-linked glycosylation sites in V4 has been observed in HIV isolates from a group of patients infected by a single pool of contaminated factor VIII (31) . During the evolution of SIVmac in vivo, a new potential N-linked glycosylation site in V4 was also observed (6) , but in contrast to the results with SIV Mne, this change occurred in an asymptomatic macaque.
When we sequenced the clones present late in infection, at 121 weeks, we were surprised to find that the V3 loop region had not undergone variation, because it is the region that corresponds to the variable, immunodominant neutralization epitope of the HIV envelope (14, 19, 25, 29) . Therefore we looked at the V3 region earlier in the course of infection ( Fig.  2A ). At 9, 35, and 78 weeks the sequence was well conserved. However, at 81 weeks, clones from one reaction showed significant variation in V3 ( Fig. 2A) . Several of the clones coming from this amplification also showed a high degree of variation, which extended outside the V3 loop and included several changes of cysteine residues and changes that generated stop codons (data not shown). In contrast, 12 clones from a separate amplification of the same DNA were conserved in V3 and in flanking regions, and V3 was similarly invariant at 78 weeks. These results could indicate that there was a minor population containing some unusual variants at 81 weeks, but we cannot exclude the possibility that the changes in one group of clones were the result of an unexplained burst of Taq polymerase errors.
In order to test whether the pattern of variation observed in M87004 was typical of the evolution of SIV in vivo, PBLs from a second macaque (F87047) inoculated with SIV Mne CL8 were analyzed 81 weeks p.i., just a few weeks after depletion of CD4+ lymphocytes began. The nucleotide sequences of 10 clones were determined for Vi, V3, and V4 (Fig. 2B ). Like the sequences obtained from M87004, the V3 region was conserved. Extensive variation in V4 was not observed, consistent with the suggestion that V4 variants begin to emerge after the immune system is depressed. Once again, the greatest variation was found in Vi, with most of the changes coding for serine or threonine residues. Thus, similar variants were found in the two macaques. We cannot exclude the possibility that some of the variants were present in the inoculum, because the molecular clone was briefly expressed in cell culture to generate infectious virus for inoculation. However, we think this is unlikely because none of the variants present in F87047 were identical to those in M87004. Furthermore, if the cluster of variation observed in the macaques simply reflected sequences in which errors in reverse transcription frequently occurred, similar variants would be observed when SIV Mne CL8 replicated in cell culture, and they were not (28) . Whatever the origin of the variants, it is clear from the samples obtained at different time points that selection for the variants was occurring in the infected animal.
We have suggested that the standard methods for isolating HIV and SIV from a patient, which involve propagation of the virus in cell culture prior to cloning, may select for just a subset of variants that grow best in cell culture (24) . However, direct amplification of viral sequences by PCR might be misleading because it could pick up sequences that are not expressed and therefore are probably unimportant. The data presented here suggest that most of the proviruses detected by PCR were in fact expressed because there had obviously been selection for particular envelope proteins. This is evident in several ways. First, several of the predominant variants, such as the variants bearing nine amino acid insertions in Vl at 121 weeks p.i. (1-5, 1-8, and 1-1) , clearly represent distinct genomes (Fig. 1) . In the absence of their expression, this could occur only if the identical insertion, as well as several other single-amino-acid changes common to each variant, had occurred many times during reverse transcription. Second, several of the variants detected early after infection appear to be progenitors of variants detected later in infection. For example, the variation in clones from the first PCR of the 35-week sample is seen in the clones from the second PCR of the 81-week sample, but the latter clones have additional changes (Fig. 2A) .
The most compelling evidence that the cloned env genes were expressed is the strong selection that is evident for nucleotide changes that encoded an amino acid change in the two variable regions. If the mutations in the nucleotide sequence of Vi and V4 were random, then approximately 79% of the nucleotide changes would be predicted to yield an amino acid change. However, about 98% of the 818 nucleotide changes found in Vl and V4 encoded an amino acid change (Table 1) . Approximately 8% (64 of 799) of the amino acid changes in these two variable regions were the result of a double mutation in a single codon; in all these cases, both nucleotide changes were needed to effect the particular amino acid change observed. In comparison, in the rest of the env sequence (excluding Vl and V4) in the clones from 121 weeks p.i., only 52% of the nucleotide changes caused amino acid changes. Similar results (57%) were observed when we analyzed the percentage of nucleotide changes that encoded an amino acid change in a relatively conserved region of SIV env (mid-env) in all the clones obtained from samples 9 through 121 weeks p.i. While the changes observed in Vi and V4 appear to impart a strong selective advantage to the variants, it seems that in other regions of env there are some constraints against amino acid changes, perhaps because they disrupt function of the env protein.
Taken together, these observations strongly support the hypothesis that the variants detected in the present study represent viruses that had evolved in vivo as a result of phenotypic selection.
To better understand the epidemiology of AIDS, attempts to document the evolution of primate lentiviruses have been made (32) . This analysis has been limited to some extent by lack of information on the rate of change of lentivirus sequences (32) . From the data at 121 weeks, we calculated that there is approximately 0.56% nucleotide change and 1.5% amino acid change per year in the SIV Mne gp120 in an infected macaque. It was not possible to determine whether this rate was linear throughout asymptomatic infection and disease progression because at early time points, we primarily analyzed regions of env that were variable (Vi and V4). The rate of change of SIV Mne was similar to that reported for asymptomatic rhesus macaques infected with SIVmac (0.73% nucleotide and 1.8% amino acid change per year [6] ). However, in the study of SIVmac, variation was more evenly distributed throughout the variable regions, although variation was slightly more pronounced in Vl and V4 (6) . In this study, we observed a high percentage of G-+A (29%) and A--G (29%) transitions, which is consistent with the predominant types of nucleotide change observed in the evolution of SIVmac (6) and HIV-1 (13) .
By direct analysis of the viral genomes present in two macaques that developed AIDS after inoculation with a cloned virus, two regions of hypervariation were clearly delineated. Surprisingly, the V3 loop region, which is variable among HIV isolates and has been described as a principal neutralizing epitope for HIV (14, 19, 25, 29) , was conserved. It is important to note that the V3 loops of SIV and HIV-2 diverge significantly from the V3 loop of HIV-1 
